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INTRODUCTION
Malaria, one of the most health-threatening diseases in the world, claims millions of lives each year. Plasmodium falciparum is the malaria parasite that causes the most severe disease (86, 129, 132) . Within minutes after being inoculated into the human host by blood-sucking mosquitoes, the parasites (in the form of sporozoites) target and invade hepatocytes (112) , where they propagate rapidly. Thousands of merozoites are subsequently released from the liver and invade red blood cells (RBCs) . Severe malaria occurs after parasite proliferation inside erythrocytes and the consequent binding of infected RBCs to the vascular endothelium (cytoadherence) and to noninfected erythrocytes (rosetting). These bindings will eventually lead to the accumulation of parasitized cells in the local postcapillary microvasculature and block the blood flow, limiting the local oxygen supply. The most common clinical symptoms of severe malaria are high fever, progressing anemia, multiorgan dysfunction, and unconsciousness, i.e., coma, which is a sign of cerebral malaria and one of the causes of death (86) .
Severe malaria is a complicated syndrome, which is determined by factors from both the parasite and the human host. To survive inside the human body, P. falciparum has developed several mechanisms through which it may escape the host immune system as well as antimalarial agents. While these survival strategies provide for temporary parasitization, they often cause death to their host in the end. The most notorious survival mechanism of the malaria parasite is its ability to undergo almost unlimited antigenic variation through changing the antigens on the infected erythrocyte surface. Some of these erythrocyte antigens are specific receptor-adhesive ligands mediating adhesion of the infected erythrocyte in the intravascular microenvironments, especially the postcapillary regions. In addition, by sequestration, the parasite escapes nonspecific clearance in the spleen, which may improve its ability to reinvade and proliferate.
Tremendous progress has been made in the past decade in understanding the molecular background of severe malaria. The identification and characterization of the var genes (12, 115, 116) encoding P. falciparum erythrocyte membrane protein 1 (PfEMP1), the rosettin/rif multigene family, and the encoded rosettin and rifin proteins on the infected erythrocyte surface (20, 46, 51, 72) represent major breakthroughs in malaria research. Undoubtedly, they will lead to the discovery of novel therapeutic agents and immune prevention approaches for severe malaria. The malaria genome project joined by many laboratories around the world will provide more genetic data for malariologists (20, 39, 48, 51) to better understand the organism and carry out further investigations. Recent progress in molecular aspects of severe malaria is summarized in this review.
ERYTHROCYTE MEMBRANE MODIFICATIONS
The differences between parasite-infected and uninfected RBCs are great. First, the mechanical properties of the parasitized RBCs (pRBCs) are changed dramatically. The membrane is less flexible, which makes it difficult for the cell to pass through the microvasculature. Parasite nutrients, such as carbohydrates, amino acids, and purine bases, are transported into the cells through special channels or pores created by the parasites in the erythrocyte membrane (42) . Furthermore, some pRBC membrane components (both proteoglycans and proteins) are digested or modified. Most interestingly, several parasite-derived polypeptides, including PfEMP1 and rosettins/rifins, are inserted into and then protrude from the erythrocyte membrane. All these parasite-derived polypeptides significantly change the nature of the RBC membrane. The most prominent ultrastructural change in the pRBC is the appearance of electron-dense protrusions with a diameter of Ϸ100 m produced by the parasite, called knobs (77) . These structures are only found on the infected RBC surface and are thought to be composed of several polypeptides (one of which is PfEMP1) synthesized and transported from the intracellular parasite, as seen by transmission electron microscopy (TEM) (for details, see reference 50). Many studies by TEM and scanning electron microscopy have confirmed that knobs are the sites where pRBCs bind to other cell surfaces, including the surface of normal RBCs (e.g., in a rosette). Knobs were also determined to be the sites of attachment of pRBCs to brain endothelium of patients who died of severe malaria (1, 2, 79) . However, knobs are not absolutely essential for erythrocyte binding. Knobless pRBCs may still be very adhesive, and some parasites indeed express PfEMP1, rosettin/rifin, and other proteins which are transported to the surface of the infected RBC, where they may mediate binding to multiple receptors (31, 45) .
The flexibility of uninfected erythrocytes is reduced extensively in malaria, and this has been proposed to be one of the important parameters for prediction of the severity of disease (43) . The unparasitized erythrocytes from severe malarial cases showed significant reduction in deformation compared with RBCs from patients with moderate disease. Rigid erythrocytes in severe patients are likely to both participate in sequestration in the capillaries and contribute to impaired microcirculatory flow and fatal outcome. Two factors are thought to cause this reduction in RBC deformability: (i) severe blood acidosis due to anaerobic glycolysis, and (ii) parasite-derived antigens adsorbed onto the membrane of uninfected erythrocytes. It has also been suggested that P. falciparum-secreted lipid antigens may be inserted into the uninfected erythrocyte membrane, which by yet another mechanism might contribute to the rigidity of the cells (88) . The reduction in RBC deformability is one consequence of malaria infection that may contribute to disease severity.
CYTOKINES AND TOXINS
Malaria infections are complicated syndromes involving many inflammatory responses which may enhance cell-to-cell interactions (cytoadherence) and cell stimulation involving both malaria-derived antigens (or toxins) and host-derived factors such as cytokines. Malaria toxins include parasite-derived molecules which are secreted or released from parasites at late stages (trophozoite and especially the schizont stage) and are contained among the glycosylphosphatidylinositol (GPI)-anchored proteins. Parasite products either directly damage host tissues or, more important, stimulate the overproduction of host cytokines (67, 108) . Moderate amounts of cytokines such as tumor necrosis factor alpha (TNF-␣), gamma interferon (IFN-␥), and interleukin-1 (IL-1) are necessary for the human host to fight invading microorganisms, but the overinduction of host cytokines can also be very harmful to the host. TNF-␣ can cause fever and disturbance of the immune system. But TNF-␣ and IFN-␥ also upregulate endothelial receptors such as ICAM-1 and probably redistribute other receptors, such as CD31 on endothelium, which may enhance sequestration. Clinically, it is crucial to reverse the effects of both toxins and cytokines to prevent further complications of malarial disease.
Cytokine Contributions
The importance of cytokines, especially TNF-␣ and IFN-␥, and their contribution to severe malaria have been extensively reviewed (38, 61, 67, 86) . Malaria parasites, by producing diverse elements, stimulate the human host and thereby result in excessive production of cytokines, which will have an adverse effect on disease progression. For example, high circulating levels of TNF-␣ and IFN-␥ are more often found in patients with severe malaria than in uncomplicated cases (70) (Fig. 1) . Extensive deposition of TNF-␣, IFN-␥, and IL-1 in organs with massive sequestration (especially in the brain) is more frequently seen in patients who died of cerebral malaria (123) . Elevated expression of relevant cytokine mRNAs was also detected in the affected organs of these patients. The reason for cytokine deposition during sequestration is not clear, yet it is possible, as in trypanosomiasis, in which overproduced immunoglobulins (Igs), especially IgM, are not functional, that cytokines contribute to the disease process and are not protective. The proposed contributions of cytokines to severe malaria include (i) upregulation of endothelial receptor expression and redistribution on the endothelial surface; (ii) physical disturbances of the host, such as high fever; (iii) upregulation of nitric oxide production, which may cause local damage at sequestered loci (4, 54) ; and (iv) suppression of erythrocyte production in the bone marrow. Reversing the deleterious effect of overproduced cytokines might be important for the clinical treatment of severe malaria. However, infusion of an anti-TNF-␣ monoclonal antibody (MAb) into comatose children with malaria infection did not affect the outcome of the disease, although fever was abated (69) . Thus, it might be important to further uncover the property of parasite antigens that is responsible for cytokine stimulation in order to understand the disease and design novel preventive measures.
Malaria Toxins
Malaria toxins are parasite-derived molecules which induce the human host to overproduce serum-bound factors. Supernatants of P. falciparum cultures contain such elements stimulating the secretion of TNF-␣, IL-1, and other cytokines from various host cells (13, 127) . The immune responses to these molecules are crucial for disease resistance, as the cytokines, among other effects, upregulate endothelial receptors and cause fever.
GPI molecules are widely used as anchors of transmembrane proteins in protozoa such as Trypanosoma brucei as well as in mammalian cells (44, 128) . They are attached to the carboxy terminus of proteins, where they serve a variety of functions in addition to that of being membrane anchors, such as in the maturation and intracellular transport of proteins and in cell signal transduction processes; importantly, they are at least in part the toxins of the malaria parasite (93, 108) . Most malaria toxins are resistant to protease treatment and depend on a phospholipid structure (14) . Phosphatidylinositol was suggested to be the main component of toxin molecules, since specific antibodies to it could neutralize the toxic effect, but the exact origin of most of the toxins is still not known. Furthermore, the GPI-anchored components of merozoite surface antigens, like MSP-1 and MSP-2, were found to induce TNF-␣ and IL-1 (108) . Pf155 (ring-stage erythrocyte surface antigen [RESA]) antigens have also been reported to induce TNF-␣ production (93) . During the process of merozoite invasion of P. falciparum, the MSP precursors are cleaved by enzymes released from rhoptries into several parts. The N-terminal fragments, which are released from the merozoite surface, might serve as cytokine inducers. Recent studies of P. falciparum suggest that GPI-anchored antigens are well presented at the late stages and are the most common form of glycosylation (52, 53) . GPI anchors are thought to be essential for parasite survival, but they also induce the expression of inflammatory cytokines and nitric oxide synthase. This might augment the sequestration of pRBCs in the postcapillary vasculature and other pathogenic responses of the host (53) .
Because high circulating levels of TNF-␣ and high fever occur at the rupture of schizonts, antigens from schizonts might have potential toxic effects (68). Pichyangkul et al. partially purified a soluble antigen predominantly associated with schizonts that was not found in other stages of infection (93) . This schizont-associated antigen (SAA) was able to specifically stimulate ␥␦ T cells in secreting IFN-␥. The effect was enhanced by IL-1, IL-10, and IL-12. This SAA was further characterized as being resistant to protease digestion, heating, and pH changes and containing a phosphate group(s), which was believed to be crucial for its toxic activities. These antigens are all parasite-derived products of which the GPI anchor and phosphate groups are suggested to be important for their biological activities.
The metabolites of P. falciparum are themselves toxic. During the asexual stages of proliferation in erythrocytes, P. falciparum consumes hemoglobin as an energy source and produces hemozoin as the main breakdown product, which is deposited in the cell compartment as pigment. This pigment, released immediately after schizont rupture, has been suggested to induce IL-1 production (94). Finally, since the deleterious effects of toxins are immediate and serious to malaria patients, a reduction of their harmfulness would be the first step after patient admission. Yet treatment would be more effective if the biological nature of the malaria toxins were better understood.
SEQUESTRATION AND SEVERE MALARIA
Sequestration is the removal of infected RBCs from the peripheral circulation by binding to the vascular endothelium, predominantly in postcapillary venules of the deep tissues, often accompanied by uninfected erythrocytes. Dysfunction of affected organs may occur with excessive binding due to the occlusion of blood flow that causes impaired oxygen delivery. Massive sequestration in the brain is believed to be the underlying cause of coma in cerebral malaria. The reason for the parasites to sequester is unknown. However, it is speculated that they grow better in an oxygen-depleted environment than in ambient air, and binding to the endothelium is also a way to circumvent spleen-dependent destruction.
Endothelial Receptors for Adhesion
CD36 and thrombospondin (TSP) were the first described endothelial receptors that bound pRBCs (5, 6, 98) . MAbs specific to CD36 and soluble CD36 blocked the binding of pRBCs to melanoma cells and CD36-expressing COS cells (5, 6, 63) . Furthermore, most wild isolates studied also adhered to CD36 (90) . By using similar approaches, P. falciparum receptors VCAM-1, ICAM-1, and E-selectin were later identified (15, 91) .
The affinity of P. falciparum for binding to endothelial cell receptors is diverse, as is their role in sequestration. ICAM-1 -1) and redistribution (such as CD31) on the endothelium. ICAM-1 is suggested to mediate pRBC rolling on endothelium, while CD36, CD31, and other receptors are responsible for more stable binding. Sequestration could be augmented by the ability of spontaneous rosetting (in situ rosetting) and cytoadherence of the parasite.
appears to be important, since isolates from patients with severe malaria bound to this receptor and it can be upregulated by TNF-␣, an important cytokine believed to contribute to severe malaria. Yet the difference in the level of binding of infected RBCs to this receptor between patients with mild and severe malaria is not statistically significant (90) . In addition, the low affinity of most malaria parasites for this receptor indicates that ICAM-1 only mediates pRBC rolling on the endothelial lining and that stable binding most likely occurs synergistically with other receptors such as CD36 (36, 84) . CD36 and TSP receptors are not well distributed on brain endothelium, and their expression is not sensitive to cytokine (IFN-␥ or TNF-␣) stimulation. PECAM-1 (platelet/endothelial cell adhesion molecule 1), also called CD31, is a highly glycosylated 130-kDa polypeptide mainly located on the rim of endothelial cells, and it was recently identified as a P. falciparum receptor (119) . Antibodies to domains 1 and 2 of CD31 showed specific inhibition of pRBC binding to both CD31-transfected L cells and endothelial cells. Parasite binding to CD31 was also upregulated by IFN-␥. In a recent study performed in Kenya, we found that CD31-binding parasites were almost as frequent as CD36-binding ones and that parasites from patients with severe symptoms had a greater tendency to bind soluble CD31 (A. Heddini, J. Obiero, A. Barragan, Q. Chen, O. Kai, M. Wahlgren, and K. Marsh, submitted for publication). Thus, CD31 may be one of the virulence-associated receptors of P. falciparum. An interesting phenomenon found with both laboratory strains and wild isolates of P. falciparum is that they may bind to several receptors simultaneously. This is shown by an experiment in which MAb to either CD36 or ICAM-1 blocked only some of the parasite binding to endothelial cells coexpressing these two molecules (84) , yet a mixture of both antibodies inhibited binding (see the next section also).
Negatively charged glycosaminoglycans (GAGs) such as heparan sulfate (HS) and chondroitin sulfate A (CSA) are well distributed on the endothelial cell surface. The potential participation of these GAGs in the merozoite invasion, cytoadherence, and rosetting processes has drawn special attention from malaria researchers (8, 33, 60, 113) . Heparin and HS were found to inhibit P. falciparum merozoite invasion of erythrocytes and to disrupt malaria rosetting (26, 33) . CSA is particularly well expressed on the surface of syncytiotrophoblasts in the placenta, and it can be used to flush out sequestered pRBCs from this organ. Such parasites were found to bind avidly to CSA. Thus, CSA seems to be an important receptor for P. falciparum-infected RBCs, and a role in sequestration in the placenta and in maternal malaria has been suggested (22, 49, 96, 97, 100, 101) .
Multiadhesion of pRBCs
Although several receptors for both cytoadherence and rosetting have been identified, one question concerning the ability of singly infected RBCs or single isolates to bind to these receptors has not been extensively addressed. Because cloned parasites have been reported to bind to both CD36 and ICAM-1, two receptors could synergistically enforce the attachment of parasites to endothelial cells (84) . However, panning parasites on one or two receptors might not completely mirror the binding that occurs in vivo, where all the receptors are simultaneously available. A recent report provided evidence that some parasites indeed display a multiply or panadhesive phenotype (45) . The FCR3S1.2 clone, selected for excessive rosetting, also autoagglutinated pRBCs and avidly bound to a large number of receptors, including blood group antigen A, heparin-like GAGs, IgM, CD36, and CD31 (31, 45, 119) (Fig. 2 ). This parasite also binds somewhat to IgG, ICAM-1, and blood group B antigen. Clinically, the multiadhesive phenotype might be better correlated to parasite virulence than other adhesive phenotypes, since isolates from patients suffering from severe disease, at least in one study, tended to frequently adhere to several receptors (Heddini et al., submitted). In vivo, adhesion is likely to be the collective interaction of a parasite ligand(s) and most endothelial cell and RBC receptors (34) . It could be that parasites take advantage of binding with broad specificity to several receptors. The molecular basis behind the multiadhesive phenotypes is discussed below.
ROSETTING
The spontaneous binding of normal RBCs to malaria-infected RBCs was frequently found in P. falciparum cultures and is termed malaria rosetting (41, 57, 122, 124) . Its association with severe malaria has been extensively studied both clinically and experimentally by several research groups.
Rosetting Associated with Severe Malaria
Rosetting was first discovered after the establishment of in vitro cultivation and the use of "live staining" of malaria parasites, in which the binding of uninfected RBCs to infected RBCs, stained with either ethidium bromide or acridine orange, could be visualized by fluorescence microscopy. The presence of the phenomenon in in vitro-grown parasites motivated us to investigate whether it was found in wild isolates as well. Studies in most malaria-endemic areas (Africa, South America, and Asia) revealed that about 50% of parasites form rosettes when cultured in vitro (125) . When the rosetting capacity of parasites from cases of cerebral malaria and uncomplicated malaria was subsequently compared (27) , the difference between the two groups was quite obvious. The parasites causing severe malaria displayed much higher rosetting rates than those causing uncomplicated disease (27, 103, 120; Heddini et al., submitted). It was also found that serum from patients with severe malaria usually contains a low titer of antirosette-specific antibodies (especially predominant in children) (9, 66, 102) , while patients with uncomplicated malaria have a higher titer of antirosette antibodies (9, 27, 120) . These observations in African cases indicate that rosetting is a phenotype which is associated with the severity of malarial disease and that antirosette immunity is an important factor in disease outcome.
Multiple Rosetting Receptors on RBC Surface
To date, five rosetting receptors have been identified on RBCs: blood group antigens A and B, CD36, complement receptor 1 (CR1), and HS-like GAGs. CD36 was suggested as a rosetting receptor by Handunetti et al. (56) . Since the copy number of CD36 molecules on mature erythrocytes is low, its contribution to the rosetting phenomenon may be limited to immature RBCs. In contrast, blood group antigens A and B are widely distributed on the surface of non-O RBCs. Their function as rosetting receptors has been systematically investigated (29) . All isolates tested showed a high preference for either A or B blood group RBCs. A and B trisaccharides blocked rosette reformation by the respective parasite strain, and in vitro tests have shown that rosettes formed in type A or B blood are always larger, tighter, and stronger than those formed in type O blood (29) . Furthermore, individuals of the blood group A antigen phenotype were more frequently affected by severe malaria and coma than those of other blood groups (47) . Thus A and B blood group antigens are important malaria-rosetting receptors.
HS and HS-like GAGs are also used by P. falciparum as rosetting receptors. The high sensitivity of P. falciparum rosettes in type O blood to heparin and N-sulfated glycans has been seen in both laboratory strains and wild isolates (7, 26, 29) . The rosettes of most wild isolates can be disrupted by at least one GAG if not by heparin (7, 26) . These observations suggest that malaria parasites use a GAG on the surface of RBCs as a rosetting receptor. When the FCR3S1.2 clone was grown in type O blood pretreated with heparinase, it was unable to form rosettes (7, 31) . Both heparin and HS disrupted rosettes of FCR3S1 parasites and blocked rosette reformation, whereas CSA, a similar GAG, had little or no effect on rosette formation. Furthermore, heparin analogs with sulfate groups of the same molarity but at different positions on the sugar backbone display widely different rosette disruption activities (7) . These data suggested that the antirosette effect of heparin is mainly due to the specific sulfate groups on the molecule. HS or an HS-like GAG is likely to be a rosetting receptor for this parasite.
CR1 is also widely distributed on the RBC surface. CR1 seems to be an important rosetting receptor, as the S1(a Ϫ ) CR1 blood group occurs in about 30% of African-Americans, who might thus be protected from malaria (104) . Some parasites cultured in CR1-deficient RBCs lose their capacity to form rosettes (104). The conclusion was further strengthened by the ability of soluble CR1 to disrupt rosettes and block rosette reformation by some parasite strains. Interestingly, CR1 is also glycosylated, and this part of the molecule could potentially contribute to the binding, but this remains to be investigated.
Serum Proteins Involved in Rosette Formation
The binding of Igs to P. falciparum pRBCs occurred during incubation of pRBCs with immune or normal serum (78, 82) . Why nonimmune Igs bind to the pRBC surface remains to be explained. In several subsequent investigations, it was found that a majority of rosetting parasites engage in Ig-binding activities, but some nonrosetting parasites also bind IgM and/or IgG (109, 110, 118) . Some pRBCs bind only one class of Ig (IgM or IgG), while most bind both classes of Igs. TEM showed the bound Ig to be associated with knobs, where fibrillar structures are formed between infected and uninfected RBCs (109) . Ig deposition on the affected vascular endothelium in cerebral malaria is also quite common (1), but the reason for local Ig accumulation is not known. Luzzi et al. investigated the cellular mechanism by which alpha-thalassemia might protect against P. falciparum infection (78) (109, 110, 121) .
In addition to IgG and IgM, several other serum proteins play a role in rosetting. Purified serum proteins, primarily fibrinogen and albumin and other proteins, were found to promote rosetting (121) . Importantly, as for Ig binding, the prorosetting effect of fibrinogen could be reversed with antifibrinogen antibodies, and fibrinogen could be detected on the pRBC surface of some parasite strains by TEM (121) . Furthermore, in cultures without serum proteins, almost 100% of rosettes could be restored by the addition of IgM, fibrinogen, and albumin to the culture medium. These serum proteins participate in rouleaux formation, the binding of uninfected RBCs to each other, suggesting that parasites induce local rouleaux formation at the infected RBC surface (121) . This could be an effect of direct binding of Igs, fibrinogen, or albumin to the natural rouleaux receptors present on the uninfected RBC as well as to PfEMP1, which has been localized at knobs of infected RBCs.
PfEMP1 IS AN ADHESIVE LIGAND
PfEMP1 is a polypeptide of high molecular mass (200 to 400 kDa) which is trypsin sensitive, insoluble in nonionic detergents, and readily labeled by conventional surface iodination techniques. PfEMP1 is purported to be composed of several extracellular Duffy binding-like domains (DBL 1 to 5), with one to two cysteine-rich interdomain regions (CIDRs) distributed in between the DBLs, a transmembrane (TM) region, and an intracellular acidic segment (ATS) (Fig. 3) (115, 116) . PfEMP1 is a variable polypeptide encoded by the multiple var gene family (see below). The most conserved regions are located in both the N-and C-terminal domains. DBL-1␣ together with CIDR1␣ is thought to form a semiconserved head structure (116) in which at least six regions in DBL-1␣ and several cysteine residues in CIDR1␣ are almost 100% conserved. The common structures harbored in different PfEMP1 molecules indicate that they mediate similar binding activities, yet their multiple and polymorphic nature also suggests an effective role in immune evasion. When using different receptors (CD36, TSP, and ICAM-1), only PfEMP1 could be pre-cipitated from the sodium dodecyl sulfate-soluble fraction of pRBCs, suggesting that PfEMP1 is indeed the adhesive ligand involved in binding to those receptors (10) . Attempts to map the binding site of receptors on PfEMP1 have been successful only with CD36, for which binding has conclusively been mapped to the semiconserved CIDR1␣ domain (10-12, 114 ).
Binding to Multiple Endothelial Cell Receptors
Even though seven cytoadherent receptors have been identified (probably there are more) on the endothelium used by the malaria parasite (see above and Table 1 ), the only ligand derived from the parasite that has until now been proven to mediate adhesion is PfEMP1, the first parasite-derived molecule identified on the infected RBC surface (64, 75) . Other surface-located oligopeptides, e.g., the rosettins/rifins, sequestrins, and even modified band 3, have also been suggested to participate in binding (30, 45, 46, 73, 87) , but their importance in cytoadherence remains to be further studied.
How can one parasite bind to more than one receptor? One explanation is that the parasite expresses only one adhesin and that different domains within this molecule might mediate various adhesive events. This is most likely the case, as concluded from experiments in which the pRBCs of the multiadhesive parasite FCR3S1.2 were carefully treated with increasing concentrations of trypsin. There was a striking correlation between the adhesion of pRBCs to several receptors and the presence of PfEMP1 (45) . It was also found that the DBL-1␣ domain mediates rosetting and the CIDR1␣ domain binds to CD36 (11, 31, 104) . It could be that PfEMP1 alone mediates binding to receptors for both rosetting and cytoadherence. Further evidence for the latter case is the finding that a cloned multiadhesive parasite expresses only one kind of PfEMP1 mRNA in the late stages (31, 32, 107) and that only one PfEMP1 polypeptide could be immunoprecipitated from this parasite clone with broadly reactive anti-PfEMP1 serum. Both surface trypsinization of infected RBCs and immunoprecipitation of PfEMP1 (10) with different receptors also favor this hypothesis. It is quite possible that one PfEMP1 can bind to several (or at least more than one) receptors. The available data also suggest that it is likely that an individual domain or region of PfEMP1 mediates independent functions, as has been found to be the case with other large multidomain proteins in which domains are folded independently and each domain displays a distinct function (37) . The multiadhesive ligand may contribute to the broad specificity in the binding of malaria parasites to diverse receptors and might indeed be an essential survival strategy to allow parasitization of a broad range of human hosts independent of race, age, sex, or the activation status of the microvasculature's endothelium. Potential anticytoadherence vaccines should thus be designed to reverse multivalent interactions and sequestration in vivo.
Binding to Multiple RBC Receptors
The molecular background to rosetting has been elucidated in several studies (7, 26, 28, 31, 104) . The rosettins, now known to be at least in part encoded by the rif gene family, were first proposed to act as rosetting ligands from their association with the rosetting phenotype in P. falciparum parasites. Current evidence indicates that it is PfEMP1 that mediates rosetting. By comparing var transcripts from rosetting and nonrosetting parasites, Rowe et al. identified a var mRNA that is unique to rosetting parasites (104) . A study on the expression and characterization of recombinant DBL-1␣, CIDR1␣, DBL-2␤, and DBL-3␥ concluded that DBL-1␣ was the rosetting ligand of the R29 clone (104) . In our experiments, we directly amplified the var gene mRNA from single-rosetting trophozoites (31) . The idea was that if PfEMP1 mediates malaria rosetting, the var mRNA amplified directly from single-rosetting parasites must encode the rosetting ligand. Based on the amplified sequence, the full-length cDNA of the rosetting var gene was cloned. The high sensitivity of rosettes to heparin in this strain led to the analysis of the deduced amino acid sequence for potential GAG-binding motifs composed of basic amino acids (25, 26, 31) . Multiple motifs were indeed found in the Nterminal region of this rosetting PfEMP1 sequence (31) . Recombinant DBL-1␣, which contained eight heparin-binding motifs, bound directly to heparin both in solution and on a solid matrix. Furthermore, this DBL-1␣ fusion protein of FCR3S1.2 var1 disrupted naturally formed rosettes and directly adhered to the uninfected RBC surface; this binding was abated by pretreating the RBCs with heparinase. These findings strongly indicated that the DBL-1␣ region of FCR3S1.2 var1 is the rosetting ligand. GAG-binding motifs are also located in other regions of PfEMP1 (CIDR1␣ and DBL-2␦); their interaction with RBC receptors cannot be ruled out, although the binding might be weak (Q. Chen, unpublished data). The pool of var genes in the wild is vast (71) therefore there may be many rosetting ligands, and there is a possibility that the rosetting ligands might bind to similar receptors on vascular endothelium. PfEMP1, in particular the DBL-1␣ domain, could be the molecular link between the rosetting phenotype and the virulence of the parasite in vivo.
ANTIGENIC VARIATION
In malaria infections, especially in chronic cases, the peaks of parasitemia may fluctuate over time (21, 86) . Recrudescence with the appearance of different antigenic parasites is an essential strategy for malaria parasite survival. Both merozoite-and late-stage-trophozoite-or schizont-infected RBCs undergo antigenic variation, which makes the host immune response frequently inefficient, leading to prolonged infection. Malaria parasites challenge the human immune system in at least two ways: through genetic recombination in mosquitoes, a process which results in unlimited changes of the malaria genomic pool in the wild, and through the existence of several variable antigenic gene families (the var family, the rosettin/rif family, and the Pf60 family) in the genome of the parasites. The large reservoir of variant antigens gives the parasite the ability to avoid specific and unspecific immune clearance by the host, thereby ensuring transmission.
Merozoite Surface Antigens
Living within the human bloodstream means that the parasites are under continuous pressure from the host immune system. During their short extracellular presence in the blood, merozoites should be easily recognized by specific antibodies, but the merozoite surface also varies among parasites. Parasites expose different amino acid sequences of merozoite surface protein 1 (MSP-1) to the immune system. Within the MSP-1 peptide sequence, only the C-terminal 19-kDa fragment, which is carried with the parasite during invasion, is relatively conserved. The rest of the peptide, which is released upon invasion, is antigenically variable. Furthermore, four other MSP antigens (MSP-2, -3, -4, and -5) have been found on the P. falciparum merozoite surface (51, 83) . Like the surface antigens of the Toxoplasma gondii SAG family, blocking the activity of one SAG protein will not efficiently hinder parasite invasion. The RBC membrane-binding protein (EBA-175) is another surface-located polypeptide which mediates merozoite attachment to glycophorin of human RBCs (111) . It is encoded by a single-copy gene, but its sequence is still not completely conserved among different isolates. This means that the same functional EBA-175 from different P. falciparum parasites is antigenically variant.
Recently, another group of antigens named Pf60 were identified on the P. falciparum merozoite. These antigens were initially identified with a cross-reactive antiserum to a Babesia divergens rhoptry-located protein (23, 24, 55) , where the antibodies specifically labeled P. falciparum merozoites both as free merozoites and within well-differentiated schizonts. The proteins were clearly located in the apex of the merozoites and could be detected after 42 h postinvasion in the schizonts. Evidence indicated that this polypeptide is located in the rhoptries and is released and deposited by invading merozoites onto the surface of RBCs during attachment. Interestingly, when attempting to isolate the gene encoding this polypeptide, Carcy et al. found that it was encoded by a large gene family with about 140 copies per haploid genome (23) . The deduced amino acid sequences of several clones showed high homologies to several parasite proteins. First, they had homologous sequences with a Babesia rhoptry-located protein. Second, the Pf60 sequences showed high similarity to the PfEMP1 ATS, the conserved intracellular domain.
The Pf60 multigene family was the first large gene family ever found in P. falciparum. It is still not known how many of these genes are expressed by a single merozoite, and the biological function of these proteins is also not yet clear. Their location in the rhoptry and deposition on the RBC surface during invasion indicate that they are involved in merozoite attachment to the RBCs and/or are directly involved in invasion. Genetic rearrangement or modification of the Pf60 genes also seems to occur in the parasite genome (17, 76) . The high sequence similarity of Pf60 to the var family suggests that Pf60 may play an important role in antigenic variation of the merozoite surface. The genes of the var and Pf60 families are both in part localized to the subtelomeric region of chromosomes and are both found on chromosomes 2 and 3 (51). Even though Pf60 sequences were termed var pseudogenes (20, 51) , the encoded proteins were identified in the parasite, indicating that these genes encode polypeptides which are biologically significant to the parasite (23, 24) . Several members of a related family of Py235 merozoite polypeptides in Plasmodium yoelii were recently discovered to be simultaneously expressed in schizonts, but only one family member per merozoite. More than 10 multicopy Py235 genes encoding the P. yoelii rhoptry protein Py235 were found (95) . With the gene sequences at hand, functional and genetic characterization of these merozoite proteins in the generation of variability is merely a matter of time.
PfEMP1
A phenomenon of malaria is that the immune response in patients is never able to eradicate the infection. Even though some do not suffer much from the disease, parasites can persist for a long period in their human hosts. The periodic recrudescence of parasitemia accompanied by serum agglutination of homologous pRBCs was first found in Plasmodium knowlesi infections and was suggested to be due to antigenic variation of the infected RBC surface (21). Howard et al. identified a variable high-molecular-weight polypeptide on the P. knowlesiinfected RBC surface which was recently found to be encoded by the schizont-infected cell agglutination (SICA) var multigene family (3, 64) . Homologous polypeptides with a molecular mass of about 250 to 300 kDa present on the surface of P. falciparum-infected RBCs were also described in 1984, and the protein was named P. falciparum erythrocyte membrane protein 1 (PfEMP1) (75) . Several studies have since demonstrated that PfEMP1 is expressed on the surface of infected RBCs and that it is one of the main variant antigens which is comodulated with the adherent phenotype of pRBCs (16, 65, 80) . Roberts et al. subsequently studied the antigenic switching of the pRBC surface with different clones from the same parental parasite (99) . Even in in vitro culture without any selective pressure, the parasites showed rapid clonal antigenic switching, with a rate of 2.4% per generation, but this is low in other parasites. Micromanipulation-generated offspring clones selected with a micropipette from the same parental parasite strain showed diverse binding phenotypes and corresponding antigenic differences at the pRBC surface. The rate of antigenic switching of the P. falciparum-infected RBC surface in patients is still not known, but clinical studies have confirmed that human antibody responses to the surface antigen are predominantly variant specific (81, 89) .
PfEMP1 is one of the two variant antigen families expressed by P. falciparum on the RBC surface; the other is the rosettin/ rifin family. How is one PfEMP1 exchanged for another, and VOL. 13, 2000 MOLECULAR ASPECTS OF SEVERE MALARIA 445 what is the genetic background of this antigenic variation? For a long time, due to the small amount of PfEMP1 present on the pRBC surface, these questions have intrigued malariologists and were not answered until the relatively recent identification of the var genes encoding PfEMP1. var gene family. In their search for the chloroquine-associated resistance genes, Su et al. encountered a group of genes with large open reading frames (ORFs) which encoded polypeptides with molecular masses of 200 to 350 kDa (116) . Since the sequences of these genes showed considerable variability or polymorphism, they were collectively named var genes. The var genes are composed of two exons separated by an approximately 1-kb intron (Fig. 3) . The deduced amino acid sequences of these genes showed high similarity to the sequences simultaneously cloned by two other groups (12, 115) . By combining their data, these groups concluded that the identified sequences encoded proteins of the same family, i.e., PfEMP1. Alignment of the sequences with those in the database revealed that the deduced amino acid sequences contained conserved stretches of high similarity to the cysteinerich domains of the Duffy antigen-binding proteins (DABP) of Plasmodium vivax and P. knowlesi and EBA-175 of P. falciparum (92) . Those semiconserved regions of PfEMP1 were therefore named Duffy-binding-like domains (DBL). The number of var genes in the P. falciparum haploid genome is estimated to be between 40 and 50 (32) . The var genes appear to be scattered on all chromosomes, as Rubio et al. hybridized the var-c (exon II) probe to all 14 chromosomes (105), while one var gene is found at each subtelomeric region. However, var genes are not evenly distributed among the chromosomes, with chromosomes 4, 7, and 12 harboring more var genes than the other chromosomes.
Polymorphic genome and universal var genes. One feature of malaria parasites is the high polymorphism of their genome. By using the pulsed-field gel electrophoresis (PFGE) technique, all the chromosomes can now be separated from each other (105) . Although 14 chromosomes are found in P. falciparum, the size of any given chromosome in different strains and isolates varies greatly. Most of the genomic polymorphism of the malaria parasite is determined during the transient diploid stage in the mosquito gut, where genomic crossover events occur (74) . Even within the haploid genome, interchromosomal crossovers have been found (117) , suggesting that genes with the same function could be located on different chromosomes.
The var genes have been found to exist in all P. falciparum parasites (115) (116) (117) . In their studies on var transcription in different parasite clones generated from the same parental parasite, A4, Smith et al. used different var transcripts as probes to hybridize to genomic DNA digested with several restriction enzymes (115) . The results showed that all cDNA probes detected similar genes in different clones of A4. In our recent studies, a specific var cDNA was used to probe for the genes in the genome of the following FCR3S1 cloned parasites: FCR3S1 R ϩ , FCR3S1.2 R ϩ , FCR3S1.6 R Ϫ , and FCR3S/a R Ϫ (R indicates the rosetting phenotype). Even though the mRNA transcript was not found in either FCR3S1.6 or FCR3S/a (rosetting negative), the gene FCR3S1.2 var1 was targeted to chromosome 4 in all those parasites independently of their phenotypes (32) . While mapping the var genes on different chromosomes, Thompson et al. found that, unlike the polymorphic var genes localized in the subtelomeric regions, the ones harbored in the central part of the chromosomes are quite conserved (117) . A reason for the parasite to have a relatively large reservoir of var genes is to vary the antigenic profile in order to avoid immune clearance by the human host.
Without the ability to change the PfEMP1 expressed on the infected RBC surface, most parasites perhaps could not survive for more than a few generations. var genes are universal to all P. falciparum parasites. Studies on both wild isolates and laboratory-adapted strains are quite disappointing, since the var gene profile of strains from different malaria-endemic areas and even among different strains does not overlap. In our recent experiments, the gene locations of four different var transcripts, cloned from the FCR3S1.2 parasite, were in all cases on different chromosomes (32) . Interestingly, these sequences never hybridized to any of the chromosomes of 3D7 parasites, suggesting that the 3D7 genome has a very different var gene repertoire from that of FCR3 parasites (32) . Similar results were obtained with wild isolates (71) . Thus, all P. falciparum strains have var genes, but individual strains or isolates seem to harbor unique sets of var gene variants. Although conserved regions and amino acid residues are indeed found in PfEMP1 (DBL-1␣ and CIDR1␣), whether cross-reactive antibodies to these regions can be induced remains to be tested. In any case, the huge var diversity makes immunoprevention based on var PfEMP1 sequences challenging.
Chromosomal location of var genes. After identification of the var genes, their location and expression sites on chromosomes were extensively studied. var gene locations on chromosome 12 of the 3D7 parasite were first reported. With both a universal var probe (var-C/exon II) and a subtelomere-specific probe (rep20), Rubio et al. found var genes in both subtelomeric regions as well as in the central part of the chromosome (105) . Studies on other chromosomes of 3D7 using two-dimensional PFGE made them conclude that most var genes are located in subtelomeric regions of most chromosomes. Furthermore, the expressed var genes are also likely to be found at subtelomeric regions, even though some centrally localized var genes could also be expressed (107) . Most interestingly, several var genes at the subtelomeric regions of the same chromosome hybridized with a specific var probe, suggesting that those var genes had very homologous sequences or most likely were of the same origin. The centrally located var genes did not show this property. Thus, some var genes located in the subtelomeric regions are probably closely related, and the occurrence of recombination between heterologous chromosomes is thus also possible. In P. falciparum, exchanges of large subtelomeric fragments (Ͼ100 kb) between heterologous chromosomes, duplication and divergence of gene-containing regions, and spontaneous deletion events are known to lead to phenotypic variability of the genome (35, 74, 106, 107) . Even though the exact contribution of var genes to chromosome subtelomeric variability has not been solved, the antigenic variation and cytoadhesive phenotypic switching due to subtelomeric recombination are in part implicated in the sequestration of pRBCs with novel PfEMP1 molecules displayed at the surface (106) .
var gene activation and switching mechanisms. Due to the important contribution of PfEMP1 to malaria pathogenesis, further characterization of the activation and switching mechanism is still an attractive theme in malaria research (18, 62, 126) . It is still a mystery how var gene transcription is switched on and off. In eukaryotic cells, the subtelomeric regions are supposedly very unstable; large deletions have indeed been found in malaria parasites (74) . Since the var genes are harbored in these regions, some var genes could be transposed with the movement of chromosome fragments, but recombination or transposition events have not been found to be a major mechanism of var gene activation (106) . Studies with in vitro-cloned parasites showed that at least 2% of the parasites switch antigens each generation (99) . One PfEMP1 had been exchanged with another (115) . An interesting result from Smith et al. was that multiple chromosome sites were probably activated during var gene transcription (115) . Recent studies (31, 107) further confirmed that phenotypically similar parasites could activate many different var loci after RBC invasion. Rowe et al. first found that in the same R29 clonal population, many different var transcripts could be detected if the parasites were not separated by developmental stage (104) . While the Scherf group (107) compared the transcription of var genes from ring and trophozoite stages of FCR3 P. falciparum with a defined phenotype, for example, CSA binding, they found that at the early stage, most of the var transcripts could be detected (at least the DBL-1␣ sequences of those genes). Surprisingly, at the late trophozoite stage, only one var mRNA was found (107). When we extended the studies to single-infected RBCs with either ring or trophozoite stage parasites, it was quite clear that at the ring stage there is massive var gene activation (32) . Several var transcripts could be detected by reverse transcription-PCR and subsequent hybridization to the var gene array, while only one var mRNA and one PfEMP1 polypeptide were found in the late-stage parasite (32) . Furthermore, several distinct transcripts from the same cell hybridized to different chromosomes, indicating that genes located on different chromosomes were transcribed simultaneously (32) . The data suggested that the parasite activates several of its var genes at an early stage of RBC infection, while the expression of only one var gene is maintained at the late stage. It is not known how this kind of activation happens or whether all the transcripts are full length, but it is quite clear that the mechanism is different from that of variant surface glycoprotein (VSG) gene activation in African trypanosomes, where only one of the VSG genes is transcribed at one specific subtelomeric transcription site (19) . The initiation of transcription of each malaria var gene is therefore most likely controlled by its own promoter, but unique promoters to transcribed var genes have not been found yet. On the other hand, methylation of genomic DNA may be important in var gene regulation. Chromatin structure modification contributing to var gene regulation has also been hypothesized, but supporting experimental data are still missing (40, 126, 131) . Finally, all these data were obtained from studies on parasites under long-term in vitro growth. Whether they truly reflect the nature of var gene switching by parasites within the human host needs to be verified.
rif Multigene Family
Parasite-derived, low-molecular-weight surface polypeptides, collectively named rosettins or rifins, are frequently seen at the infected RBC surface of both laboratory-adapted strains and wild isolates (28, 46, 59) . Antibodies from malaria patients can immunoprecipitate several different proteins (PfEMP1 and rifins) from pRBCs. This indicated that rifins, like PfEMP1, are the targets of host immune response. Through the malaria genome project, several rif genes were recently found on chromosomes 2 and 3 of the 3D7 parasite (20, 51) . Rifin mRNA was also identified in the parasite. The identification of a signal peptide sequence at the N terminus as well as a transmembrane region in the deduced amino acid sequence indicated that the protein might be exposed on the RBC surface. The deduced rifin polypeptides are much smaller than PfEMP1 but very similar to rosettins. Are rosettins thus rifins? The immunoprecipitation of rosettins with rifin-specific antibodies bridged for the first time the gap between a protein with an unknown gene and a gene family with unknown proteins (46) . Because only low-molecular-weight polypeptides were precipitated with antirifin antibodies, this indicated that some of the rosettins are indeed rifins and that they are encoded by the rif multigene family (46) .
From their distribution on chromosomes 2 and 3, the total number of rif genes in the malaria genome was predicted to be about 200 (20, 51) . If this is true, the rif gene family might be the largest multigene family in the malaria parasite. Chromosome mapping clearly showed that rif genes are located in the subtelomeric regions of chromosomes directly adjacent to a var gene (20, 51) . As in the case of PfEMP1, the rosettins and rifins are also clonally antigenically variable (46) . Due to their abundance at the pRBC surface, the role of rosettins and rifins in antigenic variation could be significant.
The sequence of rifins differs from that of PfEMP1, indicating that they are biologically different proteins. Do rosettins and rifins adhere to host receptors? With the sequences now available, the immunological and biological significance of this group of small polypeptides can be investigated.
PERSPECTIVES
Malaria has plagued mankind with a myriad of mechanisms for avoiding natural as well as induced immune responses. Campaigns against both the parasite and the disease at the molecular level are crucial. Now, although the mystery of the var genes and the function of their encoded proteins has in part been uncovered, the PfEMP1 molecules and the exact mechanism of var gene switching and regulation must be further characterized. If all the var genes can be activated simultaneously, when and how is the selection for continued expression of one mRNA accomplished? With more var gene sequences available, the technique of DNA array hybridization might answer this question (85, 130) . As no signal sequence was found in the N-terminal part of PfEMP1 molecules, the question is whether the signal is harbored in the internal part of PfEMP1. Chemicals that block the intracellular transport of PfEMP1 to its final destination could be a potential therapeutic and preventive medicine for malaria. Will PfEMP1 be a potential candidate for an antimalaria vaccine? Concerning its biological and pathological significance, it is natural to think that to intervene in the process of sequestration, the cytoadherent and rosetting functions of PfEMP1 may need to be blocked when the pRBCs are bound in the microvasculature. Receptor analogs which disrupt or destabilize the PfEMP1-host interaction might allow reperfusion of clogged vessels. Since so many PfEMP1s may perform the same or similar binding functions, the common structure of the molecules should be elucidated. Moreover, like PfEMP1, rifins are surface located and are even more variable in sequence than PfEMP1. Functional analysis is most likely the next step in the investigation of this interesting family of polypeptides. Like other variable proteins, rifins might have important functions such as receptor-ligand interactions, or they may function as transporters of molecules from the RBC surface. Finally, malaria molecular biology is progressing rapidly, but much still remains to be unveiled.
